Hollow grouted rock bolts are widely used in deep soft rock roadways. The density of grout has a significant influence on the anchorage quality. However, there is still a lack of effective methods to detect the grouting quality fast, accurately, and extensively. Based on the wave velocity and the law of stress wave transmission and reflection in the impedance mismatch, non-destructive experiment focused on the defect in the anchorage was conducted. The wavelet transform was used to analyze the test signals. The test results show that the free length of hollow grouted rock bolt could be accurately detected through the analysis of the stress wave signal by using the low-pass filter in the wavelet toolbox. The grouted length, defect length, and specific position of the anchorage section can be accurately detected through the analysis of the stress wave signal by using the high-pass filter in the wavelet toolbox. The research can provide experiment foundation for further study of grouting quality based on the non-destructive methods.
Introduction
With massive coal mines entering the stage of deep mining, many new issues come out and the reinforcement of soft surrounding rock mass of roadways is one of those problems. The main issues of reinforcing deep soft rock roadways include high field stress, high temperature, and high water content [1] [2] [3] [4] , thus lead to a loose and broken surrounding rock. Hollow grouted rock bolts can be employed to improve the mechanical properties of the surrounding rock mass and also provide anchorage in soft rock roadways due to their convenience and fast installation. Hollow grouted rock bolt has middle hollow tube design. The middle hollow tube of the rock bolt is used as the high-pressure blast channel and grouting channel. Compared with conventional rock bolts with the same cross-section area, the hollow design can make the rock bolts have better stiffness and shear strength [5] . The external surface of this bolt has threads with large thread pitch. The thread structure is convenient for cutting and lengthening. Compared with smooth rock bolts, the bonding area between the rock bolt and the grouting material is improved, and therefore, the load bearing capacity is improved. Several researches show that the anchorage quality of the grouted rock bolt is influenced by shear stress on the interfaces between the rock bolt, the grout, and the surrounding rock mass [6] [7] [8] [9] . The shear stress mainly relies on the mechanical property of the grouted rock bolt, the bond on the interface, and the compaction rate of the surrounding rock mass after grouting [10] . Several researchers studied the anchorage quality based on theoretical analysis and physical research, providing basis and reference for the design of grouted rock bolts [11, 12] . However, in engineering, detecting the anchorage quality still mainly relies on pullout tests [13] . The limits are that the examination area is narrow and it cannot reflect the whole anchorage quality of the rock mass. Furthermore, pullout tests can ruin the rock bolting system. The mining engineering aims at the digital mining and green mining in the future [14] . Non-destructive detecting technology has the advantages of intelligence, rapidness, and large area detecting. Therefore, this method can be used to study the anchorage quality of hollow grouted rock bolts.
There are many theoretical analysis, experimental research, and engineering applications regarding the non-destructive detecting of the anchorage quality of conventional rock bolts. The Gendynamik AB Company proposed the non-destructive detecting instrument for rock bolts. This instrument detects the loss of ultrasonic energy to determine the defect length of rock bolts. However, the ultrasonic energy decays quickly along the rock bolt. Furthermore, the operating process is complicated, requiring a high environment condition. Consequently, this method is not widely used [15] . Beard MD developed the GRANIT equipment, based on the ultrasonic wave propagation along the grouted rock bolt after it is anchored. However, the numerical model is simple and there was a significant difference between experimental results and numerical results [16, 17] . In recent years, Madenga and Zou studied the influence of excitation frequency on rock bolt length and anchoring defect level based on theoretical analysis, numerical simulation, and experiments. The wave amplitude ratio was used to analyze the corresponding relationship of the excitation frequency and waveform character of the rock bolt with free length and grouted length [18] [19] [20] . Li et al. used the hammer impact method to study the length of the fully grouted rock bolt and grout ratio, establishing the relationship between the grout ratio and waveform character [21] . Zhang et al. used the acoustic wave non-destructive detecting method. Specifically, statistics and regression analysis were adopted to study the grout ratio and waveform character [22] . Zhu et al. studied the grout ratio based on the waveform character of the high frequency of stress wave in the grouted length of the rock bolt [23] . Sun et al. conducted waveform analysis to study rock bolts with different defect lengths, based on the low strain and stress wave reflection method. Furthermore, several measuring points were set along the rock bolt, and wavelet transform was used to analyze the wave velocity in different anchoring media, acquiring accurate defect positions and rock bolt length [24] .
Overall, the research objects of non-destructive detecting technology and principle are conventional rock bolt; little research has been conducted on the nondestructive detecting of the hollow rock bolts used in deep soft rock roadway reinforcement. The main difference of conventional rock bolt and hollow rock bolt is the center hollow design of hollow rock bolt, which could result in the different propagation character. Therefore, in this paper, based on the hammer method used in the non-destructive detecting technology and the wavelet transform analysis, the rock bolt free length, the grouted length, the defect length, and their positions were experimentally studied.
Methods and experiment
2.1 Theory background 2.1.1 Stress wave propagation in hollow grouted rock bolt Conventional hollow grouted rock bolt has a diameter of 25-32 mm, and the length is ranged from 2 to 10 m. Therefore, for simplification, the anchoring body composed of the rebar and the grout can be regarded as a 1D rod [25, 26] . The horizontal inertial effect can be neglected, and the planar interface assumption was used. According to the small strain theory, at the external end of the hollow rock bolt, if a hammer was used to create an initial excitation along the longitudinal direction of the rock bolt, the bar mass point can generate tensile and compressive elastic stress wave. And the wave propagates in the form of the longitudinal wave. The propagation process includes the characters of wave propagation, transmission, and reflection. Therefore, before the experimental study, it is necessary to conduct theoretical analysis on the propagation character.
When the longitudinal elastic stress wave propagates on the interface between different wave impedance, transmission and reflection can occur in the elastic wave, as shown in Fig. 1 .
Due to the continuity condition of the displacement, force, and velocity at the interface, the following equations can be acquired [27] : Displacement boundary:
where U 1 and U 2 are the displacement of the stress wave in the free section of rock bolt; U I , U R , and U T are the displacement of wave propagation, wave reflection, and wave transmission, respectively. Velocity boundary:
where V 1 and V 2 are propagation velocity of the stress wave in the free section of rock bolt, respectively; V I , V R , V T are the velocity of wave propagation, wave reflection, wave transmission, respectively. Force boundary:
where N 1 and N 2 are the force of the stress wave in the free section of rock bolt; N I , N R , and N T are the force of wave propagation, wave reflection, wave transmission, respectively. According to the wave equation and boundary constraint conditions, the reflection coefficient and transmission coefficient can be acquired respectively:
where defined as the ratio of the wave impedance. ρ 1 is the density of the rock bolt-free section; A 1 is the cross area of the rock bolt-free section; ρ 2 is the density of the whole grouted section; and A 2 is the cross area of the whole grouted section. Therefore, when Z 2 > Z 1 , the wave propagates from the medium with low impedance to the medium with large impedance and the reflection coefficient is negative. The wave sign will have a reverse mutation. When Z 2 < Z 1 , the wave propagates from the medium with large impedance to the medium with small impedance and the reflection coefficient is positive. The wave sign does not have a mutation. For example, when the stress wave propagation reaches the interface between the free length and the grouted length, the reverse impedance can occur in the reflected wave. Transmission wave will continue to propagate to the basement. When it reaches the basement, the wave impedance of the grouted section is larger than the wave impedance of the air. And the reflected wave will not have a mutation.
Based on the propagation principle of the elastic stress wave in the 1D bar, the wave equation can be established [27] :
where μ is the displacement of a point along the direction of Compared with metal rock bolts, the hollow grouted rock bolt is a composite medium composed of steel bar and cement grout. The density of those two rock bolts is ranged in the same order of magnitude. However, Young's modulus of the traditional rock bolt is much larger than the hollow rock bolt. Consequently, it is analyzed that the wave velocity of the elastic stress wave in the hollow rock bolt is smaller than the metal rock bolt.
Wavelet transform
The stress wave propagation in the hollow grouted rock bolt is rather complicated. Consequently, the signal analysis method should be conducted to accurately extract the reflection character points at each end face. The application of conventional signal processing methods such as fast Fourier transform (FFT) does not always give a good performance because of the accuracy and the large sample size of signals, which requires a space memory. Furthermore, they have a fixed length of the window, and they cannot be used in a transient state. Wavelet transform provides information about a signal that a Fourier transform or short time Fourier transform has difficulty in extracting because the wavelet analysis is a localized transform in the time or frequency domains. The main advantage of this method is the described flexibility in the non-stationary states signals. In addition, wavelets are largely oscillating functions that are rapidly damped, unlike the sinusoidal functions of Fourier analysis. In this paper, wavelet transform was used to analyze the collected signals. In the wavelet transform, the original signal was decomposed as signal A and signal D. A represents the approximate part. It is the coefficient generated by the low-pass filters, representing the low-frequency component of the signal. D represents the detailed value. It is the coefficient generated by the high-pass filters, representing the high frequency component. In many signal analysis, the low-frequency section is most significant. It is optimization regarding the whole signals with the noisy part. Based on the conclusion that stress wave with low frequency is sensitive to the free end of rock bolts, low-frequency analysis can be conducted on signals to acquire the character points of the interface between the free part and the anchorage part. Highfrequency section is conducting detailed analysis on the 
local signals, having the function of "microscope" [16] . Therefore, high-frequency analysis was conducted on the anchorage part to acquire character points in the end of anchorage and defect position, the hollow grouted rock bolt length, and the defect positions. The distinguishing flowchart is shown in Fig. 2 .
Experiment 2.2.1 Specimen preparation
Based on the theory background, the velocity of the free and grouted part are the two important parameters to calculate the length and defect of rock bolts. Therefore, three hollow grouted rock bolts without anchorage were used to evaluate the velocity in rebar with the number of 1#, 2#, and 3#, respectively. Then, three hollow grouted rock bolts with anchorage of bad quality, qualification, and good quality were prepared to study the different defect in anchorage part. Note that the grout ratio, defined as the length of the defect to the length of anchorage, is a measurement standard to evaluate the anchorage quality. Three hollow grouted rock bolts with 50%, 75%, and 100% numbered as 4#, 5#, and 6#, respectively, were prepared based on the specifications for bolt-shotcrete support in national standard GB50086-2001, in which declares that over 75% of the anchorage density are qualified [28] . It should be noted that the definition of anchorage density is the percentage of solid volume in core volume extracted in over-coring test [29] . The specific procedure of specimens 4#, 5#, and 6# was as follows. Concrete materials were poured into PVC pipes with a diameter of 160 mm and a length of 1000 mm to simulate the surrounding rock mass. The concrete is composed of 32.5# Portland cement, fine gravels, and water. The mass ratio between the cement, water, and gravel is 1:2:3. Meanwhile, PVC pipes with a diameter of 50 mm and a length of 1000 mm were fixed in the center of the surrounding rock to simulate the drilling process in the hollow rock bolt installation. Before the concrete cured, PVC pipe with a diameter of 50 mm was pulled out, and then, the concrete cured for 28 days. Foamed plastics were used to bundle two hollow rock bolts with a diameter of 25 mm to simulate the ungrouted section. The position and length of defect were shown in Fig. 3 . Then, a hollow rock bolt and a rock bolt bundled with foamed plastics were fixed in the center of the borehole. A grouting pump was used to inject the cement-based grout until the grout overflowed the borehole. After the grout fully cured, the sample was ready for testing. Due to the installation requirement of pullout test machine in next experimental research of different load at hollow rock bolts, the free length of hollow rock bolts in this experiment is longer than the one used in the on-site application. However, it has no influence on the non-destructive detect results determined by velocity in free and grouted part. The schematic diagram of the samples is shown in Fig. 4 , and the geometric parameters are tabulated in Table 1 .
Experimental equipment and method
Non-destructive detect equipment [27] developed by our research group was used to collect data. The equipment is mainly composed of three parts, piezoelectric transducer, vibration generator, and non-destructive detect instrument. The specific parameters of the piezoelectric transducer and the non-destructive detect instrument can be found in Reference [27] . Based on theoretical analysis, low-frequency excitation is beneficial for eliminating dispersion and diffusion. Therefore, according to the current research results of non-destructive detect vibration exciter, the frequency of the stress wave generated by the hammering method is ranged between 5 and 15 kHz. Therefore, an excitation hammer shown in Fig. 5 was used to conduct the experiment to study its excitation effect. The experiment was mainly composed of two procedures: signal collecting and analysis. First, the signals should be collected. The sensor was placed at the front end of the hollow grouted rock bolt. The hammer was used to impact the rock bolt front end, generating the stress wave which propagates along the axial direction of the rock bolt. The non-destructive detecting instrument was used to record the stress wave propagation and reflection signals. Finally, the collected signals were imported to the computer, and the wavelet transform method was used to analyze the recorded signals.
The specific procedures are listed as follows: first, data recording was conducted regarding the samples tabulated in Table 1 , and signals of s1, s2, and s3 can be acquired. Then, the propagation character of the elastic stress wave in the unhollow grouted rock bolt was analyzed. After that, data recording was conducted on the fourth sample, and a signal of s4 can be acquired. Based on the known grouted length, the propagation velocity and character of the elastic stress wave in the grouted length can be analyzed. Then, data recording was conducted on the fifth and sixth samples, and the signals of s5 and s6 can be acquired. The propagation and reflection character of the elastic stress wave in the grouted length having defects were analyzed.
3 Result and discussion
Determination of the wave velocity in the hollow grouted rock bolt
To analyze the free length, grouted length, defect length, and defect position of samples 4#, 5#, and 6#, the elastic stress wave velocity in the free length and grouted length should be acquired. Signals of s1, s2, and s3 should be analyzed to evaluate the wave velocity of the free length and the defect length. Through a large number of attempts, low-frequency pass filters with 5 scale were conducted on the signals of s1, s2, and s3 to obtain the best oscillogram, as shown in Fig. 6 . The propagation time of the wave in the rock bolt can be calculated based on the "peak-to-peak value" theory. Then, based on the rock bolt length, the elastic stress wave velocity along the hollow grouted rock bolt can be calculated. The specific parameters are tabulated in Table 2 . It can be seen that the propagation velocity of the stress wave in the rock bolt exposed in the air is ranged between 4247 and 4465 m/s. Considering the error between the signal intercept points, it is determined that the propagation velocity of the elastic stress wave in the free length and ungrouted length was set at 4356 m/s. However, in traditional steel rock bolts, the propagation velocity of the stress wave is ranged between 5180 and 5200 m/s [30] . Comparing the different structural characters of those two rock bolts, it can be concluded that the grout delayed the elastic stress wave propagation in hollow grouted rock bolts. The experimental results were consistent with the theoretical analysis.
For the wave velocity in the grouted length, the propagation time of the stress wave in the free length and grouted length should be distinguished, and it can be acquired in the following analysis. The free length and grouted length should be acquired. The position and length of the interface between free length and grouted length for samples 4#, 5#, and 6# were already known. Based on the propagation velocity of the stress wave in the free length, it can be calculated that the theoretical value is 744 us when the stress wave arrives at the interface. Therefore, it is expected to find the feature point that is easy to distinguish around the theoretical propagation time. Several wavelet analyses were conducted on the signals of s4, s5, and s6; it was found that under 5 scale low-frequency decomposition, the position of the maximum wave trough can be acquired, as shown in Fig. 7 .
In Fig. 7 , it can be acquired that the propagation time of the elastic stress wave in samples 4#, 5#, and 6# was almost equal. Based on the relationship between the wave velocity and time, the calculated rock bolt free length can be acquired. The relative difference is less than 5%. Specific parameters are shown in Table 3 .
3.3 High-frequency waveform analysis of signals of s4, s5, and s6
The standard value of the wave velocity in the grouted part should be acquired. The signal of s 4 should be analyzed. Through massive attempts, it was found that using high-pass filters with 5 scale can get the character point of the end of anchorage shown in Fig. 8 .
In Fig. 8 , based on the character point time difference between the start and the end of anchorage, the velocity of the elastic stress wave in the grouted part can be acquired, which was 1885 m/s. Through analyzing s5, the defect length and position of sample 5# can be acquired. First, the low-frequency analysis was used to acquire the character point of start of anchorage which was regarded as character point 1.
In Fig. 9 , it can be acquired that after reflection and transmission occurred in the interface between free part and anchorage part, the transmitted wave would propagate along the bolt rod until it reached the first impedance mismatch. Due to the fact that the wave propagated from the medium with large impedance to the medium with small impedance, the reflected wave sign did not change. It means that the first wave peak was regarded as character point 2. When the transmission wave propagated from the empty area to the grouted section, the transmission wave had the third transmission and reflection. At this time, the reflected wave propagated from the medium with small impedance to the medium with large impedance. Consequently, the reflected wave changed from the peak to the trough. Therefore, character point 3 between the empty section and the compacted section can be found, which was the first wave trough. Last, at the end of anchorage, the wave had the fourth transmission and reflection. Due to the fact that the impedance of grout was higher than the air, the wave still propagated from the medium with large impedance to the medium with small impedance. Therefore, the wave peak was regarded as character point 4.
It was summarized that four character points can be acquired through wavelet transform analysis. Specific defect length, defect position, and time recognition are tabulated in Table 4 . Figure 10 shows the analysis results of signal s 6 after it was decomposed with high-pass filters of 5 scale. The interface between the free part and the anchorage part was regarded as character point 1. After it, the first wave peak in the wave pattern was the start of the defect, and this point was regarded as character point 2. After the interface, the transmission waves still propagated. When it reached the end of anchorage, the wave propagated from the medium with small impedance to the medium with large impedance. The sign of reflection wave mutated, with the wave peak changing to wave trough. Therefore, in the waveform, it was reflected as the maximum value of the first wave trough. And it was regarded as character point 3.
It was summarized that through wavelet analysis, three character points can be acquired. Specific defect length, defect position, and time recognition parameters are tabulated in Table 5 .
Conclusions
Based on the feature on sign transition of the elastic stress wave propagation in the impedance mismatch, the free length, the grouted length, the defect length, and the defect position of hollow grouted rock bolt can be acquired by the hammer impact method in the start of grouted hollow rock bolt. Attempts should be conducted on the scale of the wavelet transform to decompose the original signals collected by the signal collector to find the optimal character points. Experiment results certify that low-pass filters of 5 scale in wavelet transform can be used to easily distinguish the interface between the free part and grouted part. High-pass filters with 5 scale can be used to identify the defect character point position and the end of anchorage part. The research results can provide an experimental basement for further developing non-destructive detecting technology and methods for hollow grouted rock bolts.
